Anthrax is a zoonotic disease caused by the introduction of Bacillus anthracis endospores either by respiratory, oral, or cutaneous routes. With the gastrointestinal (GI) form of the disease, symptoms begin as nausea, vomiting, mild diarrhea, fever, and headaches, which soon progress into hemorrhagic diarrhea, hematemesis, ascites, and, eventually, septic shock and death. Virulent B. anthracis contains 2 plasmids ( pXO1 and pXO2), for toxin production and capsule formation, respectively [1] . The pXO1 encodes protective antigen (PA), lethal factor (LF), and edema factor (EF); lethal factor cleaves mitogen-activated protein kinases (MAPKs) to subvert immune cells, while EF increases cellular levels of cyclic adenosine monophosphate (cAMP), causing edema [2] . PA binds to its receptors expressed on host cells and facilitates cellular entry of LF and EF. The nonphagocytic capsule that protects the bacteria from innate cells is encoded by pXO2 [3] .
Both the respiratory and GI tracts are lined by mucosae; however, the presence of digestive enzymes and a greater microbial load differentiates these 2 locations. Commensal gut microbes and the immune system have coevolved over several million years [4] . One of the most common and effective responses of the mammalian host against bacteria is secretion of immunoglobulin A (IgA) at mucosal surfaces [5] . Gut mucosae secrete massive amounts of IgA, the lack of which causes dysbiosis [6] . Currently, B cells are grouped into 2 major classes, B-1 cells and B-2 cells. B-1 cells, which include CD5 + B-1a and CD5 − B-1b subsets, differ from conventional B-2 cells in that they develop from fetal liver progenitors [7] , represent the major Bcell subpopulation in the peritoneal and pleural cavities [8] , and in steady state, produce germ line-encoded immunoglobulin M (IgM) and IgA to maintain commensals and resist common pathogens [9, 10] . B-1 cells are instrumental in producing antibodies without T-cell help, allowing for rapid antibody responses against microbial gut residents, including Bacillus species [11] . Several bacilli compose the gut microbiota [11] ; therefore, IgA may play a critical role in controlling microbial infection, including GI B. anthracis infection. Hence, we hypothesized that B. anthracis interferes with B-1-cell function to establish active infection. Herein, we report that toxins secreted by B. anthracis impair immunoglobulin secretion and surface receptor expression on B-1 cells. Additionally, type 2 innate lymphoid cells (ILC2) that support the local expansion of B-1 cells [12] are compromised. These data strongly indicate that survival from infection necessitates neutralizing antibodies by expansion of germinal center B cells in the Peyer's patches and uncompromised function of B-1 cells and ILC2 in the gut.
MATERIALS AND METHODS

Mice and Ethics Statement
A/J mice were obtained from Jackson Laboratory and bred inhouse at the animal facility at the College of Veterinary Medicine, University of Florida. Mice were provided food and water ad libitum. Mice were used at 6-8 weeks of age in accordance with the Animal Welfare Act and the Public Health Policy on Humane Care. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Florida under protocol number 201 107 129.
B. anthracis Spore Preparation and Mouse Infections
Spores were prepared from a toxigenic nonencapsulated strain of B. anthracis (Sterne), as described previously [13] . To calculate final concentrations, serial dilutions (1:10) were grown in triplicate on lysogeny broth agar plates (Sterne), and colonies were counted. Mice were orally infected with Sterne spores (10 9 spores/100 µL of phosphate-buffered saline [PBS] per mouse).
Real-Time Polymerase Chain Reaction (PCR) Analysis
RNA isolated from colons was subjected to quantitative real-time PCR analysis, as described earlier [14] . A list of primers used and their sequences can be found in Supplementary Table 1 .
Flow Cytometry and Antibodies
Colonic lamina propria (LP) cells were isolated as previously described [14] , with minor modifications. Digestion buffer consisted of Dulbecco's modified Eagle's medium (DMEM; (Gibco, Life Technologies) containing 0.25 mg/mL collagenase type VII (Sigma-Aldrich), 0.125 U/mL Liberase TM Research Grade (Roche Applied Science, Indianapolis, IN), 10 mM HEPES, 0.1 M CaCl 2 (Sigma-Aldrich), and 5% fetal bovine serum (FBS; 3 × 10-minute digestions). Flow cytometric analyses were performed using a BD LSRFortessa (BD Biosciences). Data were analyzed with FlowJo software (Tree Star, Ashland, OR). A list of antibodies used can be found in Supplementary Table 2 .
Ex Vivo Evaluation of MAPKs
Colonic cells were isolated from A/J mice as mentioned above, and live cells were evaluated. Cells were equilibrated in DMEM with 10% FBS for 30 minutes at 37°C and 5% CO 2 . The cells were incubated with 1 multiplicity of infection of B. anthracis Sterne spores or left untreated for 1, 3, and 6 hours. Treated and untreated cells were stained for B-1 and ILC2 cell markers along with MAPK phospho-specific fluorescently tagged antibodies and analyzed.
Sera Analyses
Immunoglobulins in the sera of Sterne-infected and uninfected A/J mice were measured, as described previously [14] .
Lethal Toxin Neutralization Assay
Sera of Sterne-infected A/J mice were analyzed for the presence of anti-LT antibodies, as previously described [15] .
Statistical Analyses
Unless stated otherwise, representative data indicate mean ± standard error of the mean. Significance was determined by 2-tailed unpaired t tests for 2-group comparisons (GraphPad Prism 5 for Mac OS X, La Jolla, CA).
RESULTS
Dysfunctional Innate B-Cell Responses in GI Anthrax
B. anthracis is a category A select agent and can only be handled in biosafety level 3 (BSL3) facilities. To avoid working in the BSL3 laboratory, we used the extensively studied A/J murine model, which is highly susceptible to infection with B. anthracis Sterne, a strain that has lost pXO2 [16] . Data showed that 80% of the mice (n = 10) infected with 10 9 colony-forming units died from oral infection (data not shown) 5 days after infection and exhibited symptoms seen with human GI anthrax. Gut-associated B-1 cells were defined by surface expression of CD45, B220, and CD11b (Supplementary Figure 1A) . We observed a time-dependent decrease in IgM and IgA levels on B-1 cells ( Figure 1A ). Furthermore, we also found an increase of PD-1 on B-1 cells ( Figure 1B) , a molecule that is tightly regulated by MAPKs [17, 18] and inhibits B-cell receptor (BCR) signaling [19] to suppress immunoglobulin production, especially in B-1 cells [20] . Consequently, we investigated whether Sterne infection hampered the phosphorylation status of p38 and Erk1/2 in these cells. Data from in vivo and ex vivo experiments showed decreased phosphorylation of these MAPKs ( Figure 1C and data not shown), suggesting a direct inhibition of B-1-cell function by LT secreted during infection.
Transcription of genes involved in B-cell activation and survival in the colon was analyzed; the data revealed conflicting outcomes in transcriptional activity ( Figure 1D ). For example, recognition of bacteria or bacterial products by epithelial cells and dendritic cells (DCs) typically leads to transcription and secretion of B-cell-activating factors, including a proliferation-inducing ligand (APRIL; also known as TNFSF13) and B cell-activating factor of the tumor necrosis factor family (BAFF; also known as TNFSF13b). These molecules then bind to their cognate receptors, transmembrane activator and calcium modulator and cyclophilin ligand interactor (TACI; also known as TNFRSF13b) and B-cell maturation antigen (BCMA; also known as TNFRSF17), respectively, for B-cell activation, maturation, and survival [21] . While we observed increased April/ Tnfsf13 and Baff/Tnfsf13b transcripts, Taci/Tnfrsf13b and Bcma/Tnfrsf17 expression were suppressed in the colons of infected mice ( Figure 1D ), suggesting that, despite potential survival signals provided by epithelial cells or DCs, B cells may not be capable of appropriately responding to their growth factors. Similarly, transcription of 2 opposing B-cell transcription factors, Bcl6 and B lymphocyte-induced maturation protein-1 (Blimp-1; also known as Prdm1), were enhanced during infection. The presence of Bcl6 leads to inhibition of Blimp1 transcription by its association with MAPK-dependent AP-1 activation [22] . The simultaneous presence of these 2 transcription factors may be due to the lack of active AP-1 in the infected cells via decreased MAPK activation.
Impact of GI B. anthracis Infection on ILC2 Function
ILC are an emerging family of cell types that play key roles in inflammation and tissue remodeling, particularly at barrier surfaces [23] . ILC2 are defined by the absence of lineage markers and the expression of the transcription factor GATA3 and of CD90 (Supplementary Figure 1B) [23] , known to assist in B-1-cell survival and proliferation [24] . ILC2 also express higher levels of CD25, ICOS, IL-7Ra, IL33Ra, and c-kit [25] , which were used to further characterize these cells (Supplementary Figure 1C) . Accordingly, we found a sharp decrease in ILC2 within the LP of mice with GI anthrax 3 days after infection (Figure 2A ). This steep drop in ILC2 in colonic tissue could adversely impact the maintenance of B-1 cells. ILC2 survival is maintained by several secreted factors such as thymic stromal lymphopoietin (TSLP), interleukin 7 (IL-7), IL-33, and IL-25 [26] . To examine whether the absence of these secreted factors causes depletion of ILC2, we evaluated the transcription of the aforementioned gene products in the colon. Surprisingly, with the exception of Tslp (Figure 2B ), expression levels of all other growth factors were unchanged in the intestinal stroma. However, all of these growth factors except IL-7 require MAPKs to exert proliferative effects on target cells [27] . Thus, we evaluated phosphorylation of p38 and Erk1/2 MAPK in colonic cells treated with Sterne spores ex vivo. The phosphorylation status followed a similar pattern to that seen for B-1 cells; activation of these kinases was not maintained during infection and provides a potential cause for the absence of ILC2 ( Figure 2C ). These data suggest that reduced colonic ILC2 in infected mice may result from 2 important factors: the lack of TSLP and the inability of growth factors to signal in the absence of functional MAPKs. We also evaluated IL-5 and IL-13 production by the surviving ILC2 in the LP and found a significant decrease 3 days after infection ( Figure 2D and 2E) . These data indicate that diminished ILC2 during anthrax may be due to lack of survival signals; however, their impaired function is likely due to insufficient MAPK activation.
Influence of B. anthracis Infection on B-1-Cell Recruitment
To investigate whether the presence of B-1 cells was also affected in the colonic LP, we evaluated total B-1-cell number, which [28] . We saw an increase in certain growth factors (APRIL and BAFF) with a concurrent decrease in their receptors (BCMA and TACI, respectively; Figure 1D ). However, the gut microbiota potentially provides constant stimuli to B-1 cells via various TLR and BCR ligands. To determine whether the increase in B-1a cells in the infected gut is due to increased proliferation, we compared levels of the proliferation marker Ki-67 in B-1a cells from infected mice and uninfected controls and found no difference (data not shown). This suggested an influx of B-1a cells into the LP; thus, we analyzed the transcriptional activation of important chemokines, such as CCL3, CXCL10, CXCL12, CXCL13, and CXCL14. A small to moderate increase in the transcription of potent chemoattractants for myeloid cells [29] , CCL3, CXCL12, and CXCL14, was seen. Similarly, a small increase in the transcription of CXCL10, which is implicated in T-cell, natural killer (NK)-cell, and monocyte recruitment, was also noted. Importantly, transcription of CXCL13, a critical chemokine involved in B-1a-cell recruitment [30] , increased >10-fold as compared to the uninfected controls, suggesting a greater influx of B-1a cells into the gut ( Figure 3C ). We also evaluated the expression of different gut-homing receptors along with the receptor for CXCL13 on the B-1a cells (α4β7, CCR6, CCR9, and CXCR5). Not surprisingly, the only difference in expression on the B-1a cells was with CXCR5, which is the receptor for CXCL13 ( Figure 3D ). These data suggest that GI anthrax results in increased CXCL13, which can recruit B-1a cells into the gut via its receptor, CXCR5.
Germinal Center B-Cell Formation for Protective Antibody Response Against B. anthracis
Generation of protective antibodies against B. anthracis toxins and its bacterial capsule protects against bacterial challenge, suggesting a pivotal role for humoral B-cell responses [31] . Accordingly, it is well documented that neutralizing antibodies are exceptionally effective against B. anthracis; however, the exact immune mechanisms that lead to the generation of high-affinity antibodies in natural infection are unknown. Colonic B-1 cells do not undergo somatic hypermutation required for the generation of high-affinity neutralizing antibodies against pathogenic challenge; conversely, conventional B-2 cells undergo somatic hypermutation with the help of activated T cells, which takes a relatively long time. Congruent with the acute nature of this disease, we did not observe increased germinal center (GC) B-cell formation in infected mice; however, in mice that survived infection (2 weeks after infection), GC B cells accumulated within the Peyer's patches. We evaluated various immunologic sites (mesenteric lymph nodes [MLNs], Peyer's patches, and spleen) for B-cell activation and for GC B-cell development. Of the sites tested, a significant induction of B-cell activation, as measured by downregulation of surface IgD, was observed in the Peyer's patches of survivor mice (Figure 4A) . GC B cells, defined as peanut agglutinin (PNA) + and Fas + , were also significantly enhanced in the Peyer's patches of these mice ( Figure 4B ). Consistent with the lack of an increase in GC B cells until 2 weeks after infection, sera from mice 5 days after infection failed to neutralize LT ( Figure 4C ), despite the availability of circulating antigen for the potential induction of antigen-specific responses ( Figure 4C ). We then addressed whether sera from mice that survived Sterne challenge for a minimum of 2 weeks would have neutralizing capacity against LT. Data clearly demonstrated that only sera from survivor mice significantly prevented cell death in the macrophage cell line J774A.1, compared with uninfected and moribund day 5-infected mice in a toxin neutralization assay ( Figure 4C ). We also tested the serum levels of circulating antibodies and had predicted a decrease or no change in their levels; surprisingly and inconsistent with GC B-cell formation, all infected mice showed a significant increase in IgG2b levels (Supplementary Figure 2A) . These conflicting data could result from a lack of c-fos, which is a negative regulator of IgG2b production and is downstream of MAPK [32] [33] [34] . Accordingly, these data . C, Sera collected at days 5 and 14 after infection were analyzed for their neutralization capacity. In vitro lethal toxin neutralization assay was performed using sera derived from Sterneinfected or uninfected mice. Data shown as mean ± standard error of the mean. **P < .01 and ***P < .0001, compared with untreated J774A.1 cells. Data represent observations from 3 independent experiments and are shown as mean ± standard error of the mean. ***P < .001, compared with the phosphatebuffered saline (PBS) group. Abbreviations: LT, lethal toxin; St, Sterne-infected sera (day 5); survivor, Sterne-infected sera (day 14). strongly indicate that intestinal B-cell activation and GC formation are essential responses against GI anthrax challenge when their function is not impaired.
Furthermore, 2 weeks after infection, B-1 cells from mice that recovered from GI Sterne infection were not impaired in their expression of IgA or IgM, compared with B-1 cells derived from uninfected mice (Supplementary Figure 2B and 2C) . Similarly, neither the presence of ILC2 nor their capacity to secrete IL-5 was compromised (Supplementary Figure 2D and 2E) , suggesting the reestablishment of protective innate and B-cell immune responses against Sterne infection.
DISCUSSION
GI anthrax in humans and other mammals results from the ingestion of B. anthracis after consumption of tainted meat or via the handling of infected animals [35, 36] . To attain active infection, A/J mice were orally infected with 10 9 B. anthracis Sterne spores (approximately 2 times the median lethal dose), which resulted in the death of 70%-80% of the mice within 5 days. The mice that died from infection showed the typical signs of bacterial dissemination in various visceral organs as early as 1 day after infection. Mice that survived infection showed the generation of neutralizing antibodies. Upon microbial infection, regulated induced inflammation may elicit protective immunity to overcome pathogen challenge. However, certain successful pathogens (eg, Yersinia, Shigella, and Salmonella organisms) [37, 38] escape immune clearance by inducing immune suppression [39] of innate cells through the inhibition of NF-κB and MAPK signaling. Factors secreted by B. anthracis lead to immune suppression [40] ; LF is a Zn +2 -dependent matrix metalloproteinase that cleaves MAPKs, while EF is an adenylate cyclase that generates cAMP to induce devastating immune dysfunction. The entry of these toxins (LT and EF) is dependent upon the interaction between another secreted protein, PA, and its receptors [41] , which are ubiquitously expressed on immune cells, including DCs and T and B cells [42] . However, the effect of these toxins on GI immune cells has not been studied in detail. MAPK signaling is a central component in the survival and function of these cells, the inhibition of which would disturb immune homeostasis. DCs and macrophages are the most studied cells in regard to anthrax toxins, which, upon infection, are compromised in cytokine production and MAPK activation. Reduced MAPK activity in myeloid cells may have also contributed to the availability of growth factors such as TSLP, BAFF, and APRIL, which aid in the survival of B cells and ILC2 in the LP. Like myeloid cells, other cells are also impacted by infection, including the function of colonic B cells and ILC2.
Studies implicate B cells and CD11b + cells in systemic bacterial dissemination [43, 44] ; B-1 cells, which reside in the GI tract, express surface CD11b, making them an important immune cell subset to study during the course of GI infection. The major function of B-1 cells in the GI tract is to produce germ line-encoded immunoglobulins against commensal and commonly invading pathogens [9, 10] . Several bacilli strains are part of the gut commensal microbiota; therefore, antibody directed against these bacteria may also impact the replication of pathogenic B. anthracis. However, unlike other bacillus species, B. anthracis releases toxins to inhibit MAPK activity, an essential component of multiple critical signaling pathways [45] .
Here, we show a direct impact on MAPK activation in B-1 cells and other downstream events. MAPKs control the expression of PD-1, and upon B. anthracis infection, MAPK inhibition led to PD-1 upregulation. PD-1 disrupts BCR signaling required for the activation of B cells [19, 20] . We also observed a significant decrease in IgA and IgM levels with infection, likely due to cleavage of MAPKs and subsequent increases in PD-1 expression. Additionally, a MAPK-dependent secreted factor from epithelial cells and DCs, Tslp, was also found to be significantly downregulated upon infection, suggesting an environment that is not conducive to B-1-cell growth. Despite an adverse condition for the proliferation of B-1 cells in the infected intestine, we observed an increase in the B-1a-cell population. This increase in B-1a cells may be due to an increase in the B-1-cell chemoattractant, CXCL13.
To investigate whether the altered B-1 population resulted from dysfunctional ILC2, we tested for their presence and found it to be reduced to 10% of that of uninfected mice. This reduction of ILC2 in the LP was associated with reduced MAPK activity, which is consistent with MAPK being the central signaling molecule for ILC2 survival and function. Several receptors for growth factors required for ILC2 survival, such as IL-33Ra, c-kit, and sca-1 [46] , involve MAPK signaling, and its absence could potentially cause ablation of this population. Therefore, not only are the growth factors necessary for ILC2 and B-1 cell depletion, but their signaling receptors are also incapacitated by degraded MAPKs.
B. anthracis toxins affect multiple aspects of adaptive immunity [47] . While robust memory B-cell responses were reported in patients who survived cutaneous or inhalation anthrax [48] , anthrax LT was found to inhibit B-cell function in mice receiving toxin injected intraperitoneally [49] . Humoral responses are pivotal to neutralizing infectious agents and their toxins, including B. anthracis [24, 50] . Expression of Bcl-6 and Blimp-1, along with expression of essential chemokines, such as Cxcl13, that regulate B-cell trafficking were significantly elevated in response to bacterial infection; however, 80% of the mice succumbed to infection within days, potentially shortening the interval to generate sufficient neutralizing antibodies by GC B cells against Sterne. Indeed, mice that survived infection exhibited a robust increase in GC B cells in the Peyer's patches, indicating the potential induction of antigen-dependent humoral responses.
In summary, toxins secreted by B. anthracis led to diminished MAPK activity in B-1 cells and ILC2. Upon infection, B-1 cells downregulated the expression of immunoglobulins and several surface receptors required for their survival, such as TACI and BCMA. At the same time, ILC2 that support proliferation of B-1 cells were reduced to 10% of their original population, suggesting that survival signals besides BAFF and APRIL were not available to B-1 cells, making the gut environment hostile for their survival. However, with infection, we saw a gradual increase in gut B-1a cells, which could be due to a sharp increase in chemoattractants such as CXCL13. Neutralizing antibodies against LT were seen in the sera of survivors 2 weeks after infection; however, they were absent in the early stages of the disease, when they could have affected survival. It is still unclear which factor(s) determine survival versus death of the animal. Further studies are required to understand these survival factors in a low-dose infection, factors that could include the composition of the gut microbiota, natural antibodies, and/or other innate immune cells.
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